It is demonstrated by analytical calculations and micromagnetic simulations that a microwave pumping by means of a voltage-controlled magnetic anisotropy (VCMA) could excite propagating spin waves in a ferromagnetic nanowire with in-plane static magnetization, and only the parametric excitation is possible. The efficiency of the parametric excitation is proportional to the out-of-plane component of the dynamic magnetization, and is non-vanishing in all the range of spin wave wave vectors. This property ensures the excitation of spin waves in a wide frequency range (up to tens of gigahertz) using practically achievable amplitudes of the VCMA pumping. For a Fe/MgO nanowire the threshold of parametric excitation of spin waves lies in the range 0.5-1 V/nm and only weakly depends on the nanowire width.
I. INTRODUCTION
The effect of voltage-controlled magnetic anisotropy (VCMA) manifests itself as a variation of the perpendicular magnetic anisotropy at the interface between a ferromagnetic metal and dielectric under the action of an electric field applied to the interface [1] [2] [3] . Similar to other magnetoelectric effects, e.g. in piezoelectricpiezomagnetic heterostructures, the effect of VCMA could provide an effective control of the magnetization in a ferromagnetic material with very low power consumption [4] [5] [6] , much lower than using well-developed methods of magnetization control by magnetic field or electric current. The useful and convenient features of the VCMA effect, such as the technological simplicity of its application at nanoscale, high performance, and linearity as a function of the applied electric field [7] [8] [9] [10] make VCMA one of the most attractive magnetoelectric effect for the application in spintronics and spin-wave (SW)-based signal processing, which attract significant research interest currently [11, 12] . In particular, the VCMA effect has been already proposed and tested for the application in magnetic recording [13, 14] , motion control of domain wall [15, 16] , skyrmions [17] [18] [19] and spin waves [20] , and for the excitation of the ferromagnetic resonance [9, 10, 21] .
In our previous works [22, 23] , we have shown both by analytical calculations and by micromagnetic simulations that microwave pumping by means of the VCMA could excite propagating SWs in an ultrathin ferromagnetic nanowire with an out-of-plane (OOP) static magnetization. In that case VCMA pumping leads to the variation of the OOP component of the effective magnetic field, which is parallel to the static magnetization (so called "parallel pumping geometry" [24] ). Thus, in the case of the OOP magnetization the SWs cannot be excited in a common linear regime, when the frequencies of driving signal and SWs are the same. Instead, the parametric excitation -a well-known method of SW excitation, when the frequency of pumping is twice larger than the frequency of the excited SW [24] [25] [26] -is possible.
For practical applications it is very desirable to use devices without permanent magnetic field bias. It is known, that the static state of unbiased ultrathin ferromagnetic films and nanowires depends often on their thicknessbelow a certain critical thickness the static magnetization is OOP, above this thickness -in-plane (IP) [27, 28] . The critical value depends on the perpendicular surface magnetic anisotropy and the saturation magnetization, and, typically, is of the order of 1 nm. Here we show that in the case of the IP magnetization, as in the case of the OOP magnetization, only the parametric excitation of SWs is possible. It is also shown that the parametric excitation in thicker IP-magnetized magnetic nanowires could be more efficient than in thinner OOP-magnetized nanowires, despite the fact that VCMA is a purely interface effect, and, therefore, its efficiency decreases with the increase of the nanowire thickness.
The relatively high efficiency of SW parametric excitation is not the only advantage of the IP-magnetized thicker nanowires. Thicker nanowires are, usually, easier to fabricate, and they have better uniformity. Therefore, thicker IP-magnetized nanowires have a lower inhomogeneous broadening of the SW linewidth [29] . Due to the vanishing static demagnetization fields, in the case of the IP magnetization it is possible to achieve higher SW frequency at zero bias field. Also, the IP-magnetization geometry allows one to combine the VCMA-based SW excitation with the advantages of the interfacial Dzyaloshinsii-Moriya interaction (IDMI), which takes place in ferromagnetic films grown on a heavy metal substrate [30, 31] . The IDMI is known to result in the nonreciprocal SW propagation [30, 32, 33] , and the largest nonreciprocity is achieved for the case of the IPmagnetization, while for the OOP static magnetization nonreciprocity is absent [33, 34] . Obviously, the nonreciprocity of the SW propagation could provide additional functionality of the SW signal processing devices [35] .
II. THEORY
The considered layered structure is shown in Fig. 1 . It consists of a thin layer of a ferromagnetic metal (e.g. Fe) covered by a dielectric layer (e.g. MgO) formed as a nanowire of the width w y . The metal excitation gate of the length L g is placed on top of the nanowire. The static magnetization of ferromagnetic layer lies in-plane along the nanowire length (x-axis). Below we use the material parameters of a Fe-MgO structure, which is often used in the VCMA experiments: saturation magnetization of µ 0 M s = 2.1 T, exchange length λ ex = 3.4 nm, perpendicular surface anisotropy energy K s = 1.36 mJ/m 2 , Gilbert damping α G = 0.004, nonuniform line broadening ∆ω nu = 2π × 230 MHz, magnetoelectric coefficient β s = 100 fJ/(V * m) [28, 29, 36] . The thickness of the Fe layer was chosen to be h = 1 nm. Used parameters are the same as in Ref. 22 , except for the thickness (critical thickness, corresponding to the OOP to IP state transition for Fe/MgO film is h cr = 2K s /(µ 0 M 2 s ) = 0.78 nm, and slightly increases for nanowires), that allows us to compare excitation efficiency in the OOP and the IP geometry.
Magnetization dynamics in a nanowire is described by Landau-Lifshitz equation for the magnetization vector M (r, t):
where γ is the gyromagnetic ratio, α G is Gilbert damping constant (strictly speaking, effective, see below), M s is the saturation magnetization and B ef f is the effective field consisting of external field (absent in our case), exchange, anisotropy and magnetodipolar contributions. The variable microwave electric field E(t) ∼ cos[ω p t] at the frequency ω p , applied to the excitation gate, creates the variation of the perpendicular surface anisotropy ∆K s = βE. Corresponding variation of the effective field ∆B ef f can be found as a variational derivative of the anisotropy energy density
(2) As one can see, the electrically driven component of the effective field is not orthogonal to the dynamic magnetization, since both of them have nonzero z-component, and, consequently, the effective field can linearly affect dynamic magnetization and SWs. This is in contrast to the case of the OOP static magnetization, for which ∆B ef f (described by the same Eq. (2)) is parallel to the static magnetization. However, note, that M z (t) is the dynamic magnetization component having zero static value and varying at the frequency ω k of the excited SW, if the excitation of SW takes place. Thus, there are no terms in the expression for B ef f proportional solely to the external force E(t) and varying at the frequency of the external electric field. Consequently, the linear excitation of SW in this geometry is impossible, nevertheless microwave VCMA-induced effective field is perpendicular to the static magnetization. It could be shown that the linear excitation of SWs becomes possible if the nanowire is magnetized at finite angle to the surface θ M = 0, π/2 [10] . At the same time, if the variable electric field has the frequency component ω p ≈ 2ω k , the effective magnetic field contains the resonant term at the SW frequency ω k , and the parametric excitation of SWs may become possible.
To investigate SW dynamics we use a standard expansion of magnetization as the sum of static one and series of SW modes: M (r, t) = M s e x + n,k c n,k m n,k e i(kx−ω n,k t) + c.c. . SW modes are characterized by the wave vector k = ke x and quantization number n = 0, 1, 2, ..., which defines SW mode profile m n,k = m n,k (y) in the y-direction (across the nanowire width). Substituting this representation in Eq. (1) one can obtain the following equation describing dynamics of SW mode amplitude c k [37] :
Since pumping is uniform across the nanowire width, it doesn't lead to a coupling between modes with different width profiles (different n), and dynamics of SWs with certain definite n is described by the same Eq. (3). For this reason we omit index n in Eq. (3) and below.
is the Fourier image of a spatial profile of effective microwave pumping field b(x) = 2βE(x)/(hM s ), l x is the full length of the nanowire, Γ k is the SW damping rate which includes the Gilbert damping and the nonuniform SW line broadening. Eq. (3) is absolutely the same as in the case of a parallel pumping [22, 37] , but the efficiency of the parametric interaction for the resonant case (k ′ = −k) is now equal to
Here A k = i m * k · e x × m k is the norm of the SW mode [38] , symbols ... mean averaging over the nanowire width. As one can see, the efficiency of the parametric excitation of SWs V kk is proportional to the out-ofplane magnetization component m k,z , and not to the difference of dynamic magnetization components |m k,y | 2 − |m k,z | 2 , as it is the case for the usual parallel pumping (see e.g. [37] ). The appearance of such a dependence follows from Eq. (2). Indeed, ∆B ef f is proportional to z-component of dynamic magnetization and has only z-component, acting, thus, on dynamical magnetization component m z . In total, this results in the dependence V kk ∼ |m k,z | 2 . Eq. (4) is one of the key results of this work, it remains valid for any in-plane direction of static magnetization of nanowire. We'd like to note, that parametric coupling with efficiency like Eq. (4) cannot be realized by microwave magnetic field and is intrinsic for anisotropy pumping.
For the lowest SW mode, which is uniform along the nanowire width, Eq. (4) is simplified to
where B is the static internal field in the nanowire,F k is the dynamic demagnetization tensor [22] and B an = 2K s /(M s h) is the anisotropy field. The wave number dependence of the parametric interaction efficiency V kk for the lowest SW mode is shown in Fig. 2 . The efficiency V kk increases as the excited SW becomes shorter, and saturates at the value γ/4 in the high-k range due to the circular polarization of SWs (|m k,y | = |m k,z |, the limit λ ex k ≫ 1 in Eq. (5)) in this range of wave numbers. Thus, in the case of the in-plane magnetization, there are no principal restrictions on the wave number of the excited SW. This property is in a sharp contrast with the case of the OOP magnetization, where the excitation efficiency V kk could have a zero value at a certain wave number and vanishes completely at high wave numbers k [22] . For small values of the SW wave number k the interaction efficiency is higher in narrower nanowires, as they have stronger in-plane demagnetization fields resulting in higher OOP dynamic magnetization (larger F (yy) k component).
It is well-known, that the parametric excitation of SWs is a threshold excitation -the SWs are excited only if the pumping strength overcomes a certain threshold [24] . The minimum possible excitation threshold is equal to b th = Γ k /V kk , and is realized in the case of relatively large gate size, L g ≫ Γ k /v (where v is the SW group velocity), and when the pumping frequency is twice larger than the frequency of the excited SW, ω p = 2ω k (this condition, along with the SW dispersion law, determine the wave number of the excited SW). The corresponding threshold amplitude of the microwave electric field Fig. 2 . It is clear, that in a relatively wide nanowire it is easier to excite relatively short SWs, while the excitation of SWs with k → 0 requires a higher amplitude of the electric field pumping. In a relatively narrow nanowire this difference becomes less and less pronounced. Consequently, it is desirable to use the narrow nanowire waveguides, having the width of the order of 10-20 nm, only when working with small k, i.e. close to the ferromagnetic resonance (FMR) frequency. Away from the FMR (at a several GHz distance) the difference in the nanowire width is practically insignificant, as at w y > 30 nm the dependence of the parametric excitation threshold on the nanowire width saturates. This property also presents a contrast to the case of the OOP magnetization, where the SW excitation threshold increases linearly up to w y ∼ 70 − 100 nm, so that the use of relatively narrow nanowires creates a significant advantage [22] . It should also be noted, that the minimum values of characteristic threshold in the case of the IP magnetization are similar to that in the OOP case (about 0.5 V/nm). However, the range of the excited SW frequencies is much larger. For example, for a 20 nm-wide waveguide the wave number range, shown in Fig. 2 , in which the threshold varies insignificantly, corresponds to the SW frequency range 6 GHz < ω k /2π < 50 GHz. In a nanowire with the same geometry (except for the thickness) and the OOP magnetization the excitation threshold is smaller than 1 V/nm only in the range 5-9 GHz [22] . Thus, excitation of relatively high-frequency SWs is more efficient in the IP magnetized case, that is a consequence of different cou-pling of the pumping to SWs. Of course, for practical applications the excitation gate should have a finite length L g , and the excited SWs should propagate from the gate to be processed and received by other gates. A finite gate length leads to the increase of the threshold, which is determined from following implicit equation [23] :
(6) Here V = |V kk | and α = |b 2k /b 0 | is the so called "measure of the pumping non-adiabaticity", which describes interaction of co-propagating SWs with parametric pumping and is significant only when the pumping length L g becomes comparable or less than SW wavelength [37] . In particular, for the case of a rectangular pumping profile α = |sinc[kL g ]|. The threshold increases from the minimum magnitude shown in Fig. 2 , as the radiation losses Γ rad = v/L g increase in comparison to the natural damping rate Γ k , that is equivalent to increase of SW propagation length l p = v/Γ k in comparison to the gate length L g . In the limiting case of small gate length L g ≪ l p , the threshold is equal to
. For our parameters the maximum propagation path is achieved for SWs of the wavelength 2π/k ∼ 20 − 30 nm, and is about l p ≈ 1 µm.
III. MICROMAGNETIC SIMULATIONS
In order to verify the above presented theoretical predictions we performed micromagnetic simulations using the GPMagnet solver [39, 40] . The nanowire waveguide width was chosen to be w y = 20 nm, the gate length was L g = 100 nm, and the effective Gilbert constant was chosen to be α G = 0.033, which approximately takes into account both the real Gilbert damping and the nonuniform SW line broadening in the studied range of the SW frequencies. The thermal fluctuations corresponding to the temperature of T = 1 K were also taken into account.
For these parameters the FMR frequency, which is the lowest frequency in the SW spectrum, is ω 0 /2π = 6 GHz. When the pumping frequency exceeds the double of the FMR frequency ω p > 2ω 0 , the propagating SWs can be excited at a certain threshold pumping amplitude, and above this threshold the amplitude of excited SW increases monotonically (Fig. 3) . The wave number k of the parametrically excited SW is determined by the pumping frequency (ω k = ω p /2), and increases with the increase of the pumping frequency ω p . Since the SW group velocity v also increases with the increase of the SW wave number k, the threshold of the SW excitation by a gate of a finite length increases with the increase of the ω p .
Our simulations have also shown that the parametric 4 Normalized magnetization, my excitation of SWs is possible even when the pumping frequency ω p is slightly lower than the double FMR frequency (curve for 11.6 GHz in Fig. 3 ). However, in this case the SW excitation is of a "subcritical" type -the amplitude of the excited SW has a large finite value at the threshold. The excitation in this frequency range becomes possible due to nonlinear shift of SW frequency, which in our case is negative, that is common for thin films and nanowires with IP static magnetization [24, 41] . In this geometry the increase of the SW amplitude leads to the decrease of the SW frequency ω k (|c k | 2 ), so that the parametric resonance condition ω k (|c k | 2 ) = ω p /2 could be satisfied for ω p < 2ω 0 . The SW mode excited in such a case has an evanescent non-propagating character and is localized in the region close to the excitation gate, since it lies below the spectrum of linear propagating SWs.
The excitation thresholds observed in the simulations are b th = 58, 78, 90 mT for ω p /2π = 12.2, 12.6, 12.8 GHz, while Eq. (6) gives the threshold values of 55, 98, 114 mT, respectively. The overestimation of the threshold for ω p /2π = 12.6, 12.8 GHz in the analytical theory is related to the small theoretical values of the pumping nonadiabaticity α = |sinc[kL g ]|. In these cases kL g ≃ π/2 and the theoretical value of the coefficient α is vanishingly small. In reality, the excited SW modes are not ideal plane waves, and they have a finite spread of wave numbers k. Thus, the effective nonadiabaticity parameter α cannot be zero, which results in a lower excitation threshold, as it has been shown in Ref. 37 . For the case ω p /2π = 12.2 GHz theoretical value of α is not small and pumping nonadiabaticity is not underestimated, resulting in better theoretical prediction of the threshold.
Similar to the case of the OOP magnetization, the amplitudes of parametrically excited SWs are determined by two mechanisms: (i) the "phase mechanism" related to the 4-wave interaction between the excited SWs, and (ii) the amplitude dependence of the radiation losses existing due to the negative nonlinear frequency shift [23] . The simulated amplitudes of the excited SWs could be adequately described by the theory presented in Ref. 23 with a single fitting coefficients C Σ = 1.5, 1.2, 1.1 for ω p /2π = 12.2, 12.6, 12.8 GHz, respectively (this fitting parameter depends on the degree of pumping localization and varies in the interval 1 < C Σ < 2 [23] ). At high SW amplitudes theoretical description becomes less accurate, since additional nonlinear SW interaction processes become important. It should be noted, that for the pumping frequency ω p < 2ω 0 analytical theory developed in Ref. 23 is not applicable and should be generalized.
IV. NOTES ON MULTIMODE NANOWIRES AND VCMA MATERIALS
All the above presented calculations were made for the lowest SW mode, having uniform profile along the nanowire width (n = 0). However, with the increase of the nanowire width the higher SW width modes become closer in frequency to the uniform mode, and the parametric resonance condition ω p = 2ω n,k could be satisfied for several SW width modes simultaneously (see an example in Fig. 4(a) ). In such a case, it is not clear which SW mode would be excited in the waveguide. To answer this question we plotted the parametric interaction efficiency V kk for different SW width modes in Fig. 4(b) . As one can see, at a given frequency V kk has the largest value for the highest SW width mode, since the spatially nonuniform width profile of a higher mode creates a larger dynamic demagnetization field along the y-axis. This results in a larger relative value of the z-component of the dynamic magnetization, and, as was shown above, the interaction efficiency V kk is proportional to this z-component of the dynamic magnetization. Also, at a given frequency higher SW mode has lower k and, thus, lower SW group velocity v ∼ 2ω M λ 2 ex k. Thus, the highest mode has the lowest excitation threshold, and will be excited by the parametric pumping. The other SW width modes may be excited only when the highest width mode reaches a sufficiently large amplitude [24] . It should be noted, that the excitation of higher-order modes, having lower group velocity, limits the maximum propagation distance of the excited SWs, which is equal to the propagation length of the highest mode satisfying the conditions of parametric resonance. This property stimulates the use of narrow SW nanowires in which a single-mode propagation regime exists in a wide range of frequencies.
Finally, we note that in all the above presented calculations we used the parameters of a typical VCMA material -Fe-MgO multilayer. These calculations yielded reasonable and experimentally reachable magnitude of the driving microwave electric fields needed for the parametric excitation of propagating SWs using the VCMA effect. Recent experimental and theoretical studies have found (or predicted) materials with substantially better VCMA characteristics, such as SrTiO 3 /Fe bilayers which has 2 times larger magnetoelectric coefficient β than the Fe/MgO system [43] , or Cr/Fe/MgO multilayer having almost 3 times larger β [44] . The use of these novel materials should result in better characteristics of the SW processing devices based on parametric excitation of propagating spin waves through the VCMA effect.
V. SUMMARY
In summary, we have demonstrated that a microwave VCMA pumping could parametrically excite propagating SWs in an ultrathin ferromagnetic nanowire with inplane static magnetization. The efficiency of the parametric interaction of propagating SWs by the VCMA pumping is proportional to the out-of-plane component of the dynamic magnetization of nanowire. Such type of the parametric coupling is inherent to the case when the pumping is created by the time-dependent anisotropy of the magnetic film, and cannot be realized by application of a microwave magnetic field. The parametric interaction efficiency is nonvanishing in a wide range of the SW wave numbers, including the region of short exchangedominated SWs, where it tends to be V kk → γ/4. This useful property of the VCMA-based parametric excitation of SWs in in-plane magnetized magnetic waveguides provides the practical method of excitation of short SWs, having sufficiently large group velocities for the development of energy-efficient signal processing devices based on exchange-dominated short propagating SWs. The minimum excitation threshold was found to be about 0.5 V/nm in the Fe-MgO nanowire, and this threshold weakly depends on the nanowire width. At a large width of the nanowire, when the nanowire becomes essentially a multimode waveguide, the parametric VCMA pumping excites the highest SW width mode satisfying the parametric resonance condition.
